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I.  Growth  and  characterization  of  high  quality  HgCdTe 


Table  I  and  Table  II  illustrate  the  best  results  obtained  for  MBE  grown  N  and 
P-type  layers  in  terms  of  carrier  concentration  and  electron  or  hole  mobilities. 

Most  of  these  layers  have  been  grown  after  the  starting  date  of  the  current 
contract.  An  update  of  these  data  will  be  given  when  appropriate  in  order  to 
follow  the  progress  that  the  group  is  making  during  the  contract.  It  is  important 
to  point  out  that  even  if  these  results  are  the  best  ever  obtained  in  the  laboratory 
they  are  representative  of  our  level  of  control  concerning  the  growth.  Numerous 
layers  with  the  same  composition  exhibit  very  similar  results. 

A  new  Hg  cell,  which  is  a  prototype  built  by  ISA  -  Riber  is  currently  tested 
in  the  laboratory.  This  cell  that  we  have  conceived  gives  a  very  stable  Hg  flux 
during  hours  of  growth.  In  table  I  and  II  it  can  be  seen  that  thick  layers  can  be 
grown  using  this  cell  (Sample  #  131-318,  2-310,  19405  for  example) 

Electron  mobilities  are  above  1x10s  cm2V-ls-1  what  is  expected  for  a  high 
quality  HgCdTe  material  with  x  of  about  0.20. 

Hole  mobilities  are  very  good  in  the  20%  composition  and  excellent  for  layers 
grown  on  CdTeSe  substrate  (yh  =  840  cm’V's"1  for  x=0.31). 

From  our  result  it  seems  premature  to  draw  a  conclusion  regarding  the  choice 
of  the  substrate.  Electron  or  hole  mobilities  are  very  similar  whatever  the  substrate 
used  to  grow  HgCdTe. 

Table  III  presents  a  comparison  between  (1 1 1  )B  and  (100)  orientation.  Once 
again,  the  highest  values  obtained  for  electron  mobilities  are  identical  for  both 
orientation.  However,  due  to  the  twinning  problem  frequently  observed  in  the 
(1 1 1  )B,  electron  mobilities  are  in  average  lower  for  this  orientation  but,  on  the 
other  hand,  we  have  demonstrated  that  the  (100)  orientation  required  more  mercury 
than  the  (1 1 1  )B  orientation. 

Most  of  the  layers  reported  in  these  tables  have  a  carrier  concentration 
Na'Nd  or  Nd~Na  in  the  mid  or  ,ow  fO^cm-3  range  below  77K. 

It  should  be  noted  that  both  mobility  and  carrier  concentration  values  are 
suitable  for  IR  device  application. 
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II.  Doping 
N-Type 

We  have  shown  in  the  previous  DARPA  contract  (MDA  903-83K-0251)  that  indium 
can  be  incorporated  as  an  active  impurity  with  a  high  electrical  efficiency  in 
HgCdTe  layers  during  the  MBE  growth. 

Indium  is  a  very  good  n-type  dopant: 

(1)  it  has  a  high  electrical  efficiency  (70  to  100%)  and  that  without  any  activation 
(see  fig.  1); 

(2)  high  doping  levels  up  to  I0l*cm“*  have  been  reached: 

(3)  high  electron  mobility  of  1x10scm2V-1s-1  have  been  observed  for  doping 
level  of  2xl018cm~3; 

(4)  abrupt  junctions  can  be  grown  (see  fig.  1). 

But  indium  presents  a  serious  problem.  Memory  effect  has  been  observed  which 
means  that  some  residual  indium  (10IS  -  1018cm“*  range)  is  found  in  epilayers 
grown  after  In-doped  epilayers  have  been  grown.  This  effect  is  supposed  to  be 
due  to  indium-tellurium  chemical  reaction(s)  taking  place  in  different  parts  of  the 
MBE  chamber.  The  compound(s)  can  later  be  reevaporated  and  dissociated  if  they 
are  heated.  Te,  In  and  CdTe  effusion  cells  have  been  found  to  be  the  sources  of 
contamination  along  with  the  walls  surrounding  the  effusion  cells  and  the  substrate 
heater. 

This  problem  has  been  worked  out  for  months  but  no  satisfactory  solution  has 
been  found,  therefore  another  n-type  dopant  has  to  be  investigated. 
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Arsenic  and  Antimony 


Group  V  elements  can  be  incorporated  into  HgCdTe  as  acceptors  in  substitution 
of  non-metal  lattice  sites  using  the  liquid  phase  epitaxy.  However,  group  V 
elements  have  not  been  successfully  incorporated  into  MBE  grown  HgCdTe  layer  as 
acceptors.  Both  Sb  and  As  have  been  tried  and  they  behave  as  n-type  dopants  as 
illustrated  in  Table  IV  and  Table  V. 

A  cracker  cell  has  been  used  for  As  and  Sb  which  means  that  the  flux  was 
constituted  by  AS4  +  AS2  molecules  or  by  Sb4  +  Sb2  molecules. 

Some  of  the  As  doped  HgCdTe  layers  were  annealed  using  the  close  tube 
method.  For  these  annealing  a  drop  of  Hg  was  used  to  control  the  Hg  pressure 
and  the  Hg  temperature  was  kept  higher  than  the  sample  temperature.  Table  IV 
shows  the  electrical  measurements  of  two  As  doped  HgCdTe  layers  before  and 
after  annealing. 

The  annealing  increases  the  As  electrical  activity  as  a  donor,  and  not  as  an 
acceptor,  by  a  factor  of  4  to  5. 

Sample  #508331  and  511334  which  have  been  grown  with  the  same  As  cell 
temperature  have  about  the  same  SIMS  counts.  But  sample  #511334  has  a  higher 
carrier  concentration  (factor  2  to  3)  both  before  and  after  annealing.  Sample  #511334 
was  exposed  to  UV  light  while  growing  and  not  sample  #508331. 

Thus  it  appears  that  when  exposed  to  UV  light  the  electrical  activity  of  As 
in  HgCdTe  increases  as  a  n-type  dopant. 

This  is  not  completely  surprising  if  we  consider  that  As  is  incorporated  as  a 
n-type  dopant  because  As-Te  bonds  are  established  in  preference  to  As-Hg  or 
As-Cd.  UV  light  is  supposed  to  break  Te2  molecule  (E~3eV)  making  Te  even  more 
reactive  with  As. 

These  experiments  do  not  conclude  that  As  or  Sb  cannot  be  incorporated  as 
p-type  dopants  in  MBE  grown  layers.  SIMS  analysis  shows  that  only  a  few  precent 
of  As  or  Sb  are  electrically  active.  In  fact,  if  one  considers  the  heat  of  formation 
AHf  of  some  tellurides  it  appears  that  AHf  for  Sb2Te  is  equal  to  -4.5  kcal/mole, 
less  than  AHf  of  HgTe  (-7.6  kcal/mole).  No  data  have  been  found  for  As2Te  but 
AHf  should  not  be  very  different.  This  means  that  Sb2Te  and  As2Te  are  more 
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unstable  than  HgTe  itself.  It  is  unclear  yet  how  As  or  Sb  are  acting  as  donors 
incorporated  in  Hg  vacancies  or  in  interstitial  sites.  But  it  seems  very  likely  that 
they  could  be  incorporated  as  acceptors.  A  higher  Hg  flux,  light,  electron  or  ion 
beams  have  to  be  investigated. 
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As-doped  HgCdTe  (llT)B  MBE  layers 
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III.  Hg^CdyTe/Hg^yCdyTe  Heterojunctions  Grown  in  Situ  by  MBE 

Insotype  n-N  abrupt  heterojunctions  where  grown  in  situ  by  MBE  on 
CdTe(lll)//GaAs(100)  combination  substrates.  The  first  devices  tested  had  x  = 
.18  on  the  bottom  and  x  =  .26  on  the  top.  All  the  electrical  and  optical  charac¬ 
terizations  were  consistent  with  the  presence  of  narrow  and  strong  composition 
burst  right  at  the  interface.  The  R0A  was  limited  by  the  widegap  side  (see 
attached  publication  entitled  "Mercury  Cadmium  Telluride  n-Isotype  Heterojunctions 
Grown  in  Situ  by  Molecular  Beam  Epitaxy." 

The  later  devices  grown  with  care  to  avoid  the  problem  had  drastically  different 
behavior.  The  compositions  where  slightly  higher  on  both  sides:  x  =  .22  for 
the  bottom  and  .28  for  the  top.  Strong  rectification  was  seen  with  quality 
factors  varying  from  2  at  high  temperatures  to  2.5  at  80K  (fig.  2).  The  forward 
bias  occurred  when  the  top  material  was  biased  negatively.  One  device  had  an 
R0A  as  high  as  10**  Qcm2  at  80K,  but  this  value  was  only  seen  once.  In  the 
average  it  typically  reaches  103  at  80K  (fig.  3).  The  activation  energy  of  Is/T2 
varies  from  1eV  at  high  temperature  to  .06eV  at  80K  (fig.  4).  the  spectral 
response  shows  a  maximum  at  8pm  wavelength,  without  sharp  peak  at  short 
wavelength  as  before  (fig.  5).  The  capacitance  measurements  are  unreliable 
since  the  top  material  thickness  was  as  small  as  .5pm,  and  the  top  contact  is 
suspected  to  have  a  smaller  area  than  expected.  A  low  current  density  lO~2A/cm2 
can  blow  the  devices  opened.  These  measurements  are  consistent  with  a  Schottky 
type  behavior  at  the  heterojunction,  most  of  the  depletion  occurring  in  the  v/\tjde 
bandgap  material,  which  is  limiting  the  R0A.  Thermionic  emission  is  not  the 
only  process  involved  in  the  transport  since  the  quality  factor  is  higher  than  2. 
This  renders  the  barrier  height  determination  unreliable,  even  if  it  seems  consistent 
with  the  expected  bandgap  difference  between  the  two  sides. 


Current  Voltage  Curves 


Reciprocal  Temperature 


Wavelength  (um) 
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Running  Title:  Mercury  cadmium  telluride  n-isotype  heterojunctions 

Mercury  cadmium  telluride  /7-isotype  heterojunctions  grown  in  situ 
by  molecujar-beam  epitaxy  _  , 

M.  Boukerche,  I.  K.  Sou,  M.  DeSouza,  S'/Yoo,  and  J  Faurie 

Department  of  Physics.  University  of  Illinois  at  Chicago.  Chicagef'tlhnois  606S0 
(Received  10  November  1986;  accepted  7  May  1987) 

Electrical  characterizations  of  the  first  n-.V  HgCdTe  heterojunctions  grown  in  situ  by  molecular- 
beam  epitaxy  are  reported.  The  cadmium  concentrations  of  the  two  materials  are  0.18  for  the 
bottom  layer  and  0.26  for  the  top.  The  measurements  by  Hall.  IV.  CV.  and  spectral  responsivity 
are  consistent  with  the  existence  of  a  conduction-band  barrier  at  the  interface  behaving  as  an 
insulator  at  low  temperature.  We  suggest  that  transient  effusion  cell  fluxes  occurring  during 
shutter  sequencing  created  such  barriers  at  the  heterojunction  interfaces  during  the  growth.  The 
high  Rlf4  (600  !lxcm;)  measured  suggests  that  this  effect  might  be  of  interest  for  future 
heterojunction  gate  field-effect  transistor  investigations. 


I.  INTRODUCTION 

The  Hg,  _  ,Cd,Te  (MCT)  ternary  alloy  is  currently  the 
most  important  material  for  infrared  applications  in  the 
8-12  /im  wavelength  range.  It  is  also  used  for  the  3-5  yim 
window  and  considered  for  the  optoelectronic  range.  This 
material  can  be  grown  for  any  cadmium  composition  x 
between  0  and  1,  and  can  then  be  considered  as  a  solid  solu¬ 
tion.  The  corresponding  forbidden  energy  gap  can  be  varied 
continuously  between  —0.22  and  1.6  eV  at  80  K.  These 
unique  properties  plus  the  fact  that  the  lattice  mismatch 
between  the  extreme  compositions  is  only  0.3 Cc  make  this 
ternary  semiconductor  material  very  attractive  for  hetero- 
junction  investigations.  The  mam  motivation  for  such  stud¬ 
ies  is  to  improve  existing  detector  performances  by  tailoring 
wavelength  response,  decreasing  parasitic  currents,  and  in¬ 
creasing  minority-carrier  collection  efficiencies. 

LoVecchio  et  al.'  studied  the  case  of  back-to-back  MCT 
(x  =0.2).  CJTe  heterojunctions.  They  concluded  that  a  va¬ 
lence-band  barrier  was  present  in  the  devices,  n/p  MCT 
heterojunctiori  photovoltaic  devices  were  demonstrated  by 
Bratt  ;  In  certain  cases,  barrier  formation  was  also  reported. 

Both  groups  used  the  liquid  phase  epitaxy  (LPE)  growth 
technique  and  reported  substantial  grading  and/or  diffusion 
at  the  interfaces.  Vydyanath  et  al.'  showed  that  such  effects 
could  actually  be  profitable  since  they  presented  exceptional 
LPE  grown  MCT  heterojunction  detector  performances. 

The  possibility  of  including  semimetallic,  semiconduct¬ 
ing,  and  semi-insulating  materials  within  the  same  mono¬ 
crystal  couid  lead  to  important  technological  applications. 
The  abrupt  heterojunctions  between  these  materials  have  to 
be  further  studied. 

Kuech  and  McCaldin1  reported  characterizations  of 
HgTe  layers  grown  by  the  metalorganic  chemical  vapor  de¬ 
position  technique  at  325-350  *C  on  n-type  CdTe  A 
Schottky  barrier  hehav  lor  was  seen,  with  a  maximum  barrier 
height  of  0  lJ2eV 

The  validity  of  the  common  anion  rule  for  the 
HgTe' CdTe  system  has  been  questioned  recently  The  re¬ 
ported  values  of  the  valence-band  olTset  vary  from  40  Kef 
6)  to  *50  meV  '  depending  on  the  technique  used  The 
above  workers*  mention  that  inversion  in  the  CdTe  layer 


could  explain  their  low  barrier  height  value.  We  suggest  that 
interdiffusion  effects  might  have  played  an  important  role. 
In  any  case,  most  of  the  band-gap  difference  should  appear 
in  the  conduction-band  discontinuity. 

The  molecular-beam  epitaxy  ( MBE)  technique  is  now  re¬ 
cognized  as  a  possible  choice  for  the  growth  of  MCT  on 
CdTe  and  GaAs.'1 Its  low  growth  temperature  (190  C) 
minimizes  the  interdiffusion  effects  and  allows  abrupt  inter¬ 
faces  to  be  produced  in  thin  epitaxial  layers  like  superlat- 
tices.  Several  abrupt  n-isotype  heterojunctions  between  two 
narrow-band-gap  compositions  were  grown  for  the  first  time 
in  order  to  observe  the  transport  properties  of  the  electrons 
through  the  expected  conduction-band  discontinuity  on  the 
wide-band-gap  side.  We  present  here  the  characterization  of 
mesa  devices  fabricated  from  these  first  samples. 

II.  EXPERIMENTAL 

The  junctions  were  grown  on  CdTe(  1 1 1 )/  -  Ga.Asi  100) 
substrates  w  ith  a  Riber  2300  system  modified  to  handle  mer¬ 
cury.  Both  sides  of  thejunction  were  doped  n  type  with  indi¬ 
um  as  previously  described."  The  narrow-gap  side  was  first 
made  with  a  thickness  of  2  to  3  pm  before  the  growth  condi¬ 
tions  were  abruptly  changed  to  produce  the  wide-gap  mate¬ 
rial  up  to  a  thickness  of  1.0/am.  The  substrate  temperature 
was  kept  at  190  °C  all  along  the  growth.  The  composition  of 
the  narrow  gap  was  determined  by  infrared  transmission 
measurements  at  room  temperature.  Its  doping  level  4  •  M 
cm“  1  was  deduced  from  the  Hall  measurements  neglecting 
the  contribution  of  the  wide-gap  side.  This  was  relev  atit  since 
the  doping  level  was  intentionally  lowered  during  the 
growth  of  the  x  =  0.26  material.  The  composition  ami  dop¬ 
ing  (  ~5x  10' 'em  *)  of  the  top  layer  was  estimated  from 
the  growth  conditions  on  separate  runs.  To  check  me  doping 
level,  metal-msulator-semiconductor  (MIS'  'tructuK' 
were  fabricated  with  gold  and  zinc  sulfide  on  a  dilfeietit 
piece  of  the  sample  The  high-frequency  capacitance  versa' 
voltage  curves  were  measured  at  k  and  !”0  kHz  w  -:!i  n. 
LCR  42~5  from  ILwLtt-lTickarJ  The  classical  MIS<...!cu- 
lation"  was  used  (o deduce  the  impurity  level  from  ;hc  mini¬ 
mum  to  maximum  capacitance  ratio,  where  the  minimi.:' 
capacitance  was  calculated  using  the  approximation  . Ret 
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Fig  I  Structure  of  the  Je»«ees 
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19  The  doping  level  deduced  was  within  a  factor  of  2  from 
the  growth  esimated  value.  The  devices  were  made  by  stan¬ 
dard  photolitographic  techniques  and  mesa  etching.  The 
metal  was  evaporated  over  the  zinc  sulfide  passivation 
opened  for  contacts.  Their  structure  can  be  seen  in  Fig.  1. 
The  geometry  is  circular  to  minimize  edge  leakage  but  is 
obviously  not  optimized  for  detection  applications.  The 
junction  area  is  '  ■  10~4  enr .  More  than  150  dots  were 
tested  from  300  down  to  80  K  with  a  microprobe  station 
from  MMR  Technologies.  Inc.  The  probe  connected  to  the 
top  contact  was  positioned  on  the  metal  part  overlapmg  the 
/me  suiv.de  to  avoid  piezoelectric  effects.  The  current  versus 
v uitage  measurements  were  made  with  an  electrometer/vol¬ 
tage  source  model  61 "  from  Keithley.  modified  to  generate 
5-mV  steps  All  the  data  acquisition  was  computerized. 

III.  RESULTS 

The  current  versus  voltage  curves  measured  can  be  seen  in 
Fig  2  They  are  representative  of  the  average  of  the  devices 
measured.  Very  weak  forward  rectification  occurs  when  the 
top  wide-Kind-gup  material  is  biased  negatively.  They  could 


>3  9 


4)9  -9  ;l  3  «  -')■>  -9  ;  3  33  '  *1  )  i»  .IQ  :  S  ••  n 

BiA  .  .£  * 1 

f  If.  I  <  •  i v  _ufXy>  \s  i-.-mpcMturd  I1  >mi»vc  viM.ijcn  s  rrc 

...  't  jg  f  i  v  ”  i-'fi  i  hi*  f  »p  (TiJtLri.ii  K"iipc?.mnvs  curve!  I'-*k. 
I  *  K  •  .Ik  -i  •  *  K  :  'Ik  .iml  r*  'Hk 


be  simply  described  as  showing  double  soft  reverse  break¬ 
down  at  low  temperature.  The  current  is  proportional  to  the 
voltage  at  low  bias,  and  tends  to  a  power  of  the  voltage  law 
(2-3)  above  50-100  mV  A  semilogarithmic  plot  of  these 
curves  is  shown  in  Fig.  3  for  the  forward  bias  case.  Notice 
that  their  slopes  are  nearly  independent  of  temperature.  The 
RnA  values  could  reach  600  S>  cm:  at  80  K.  on  several  de¬ 
vices.  showing  that  the  active  part  of  the  device  is  on  the 
wide-hand-gap  side.  Its  variation  as  a  function  of  1 .  T can  he 
seen  in  Fig.  4  in  reverse  bias.  At  high-temperature  it  follows 
an  exponential  law  in  a  limited  range  only,  and  tends  to  satu¬ 
rate  at  low  temperature.  The  corresponding  high-tempera¬ 
ture  activation  energies  are  systematically  higher  in  reverse 
bias  (  -  105  meV  i  than  in  forward  bias  i  -  80  meV  The 
//F  curves  were  fitted  by  the  least-square  method  to  the 
equation 

>  ) 

l  =  /  [exp.  i ’  —  IR ,/ 1 )  —  1  ] ,  i  1 

where  /  is  the  current  density.  /  the  saturated  current  den- 
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>uy  !  the  bias  voltage.  R  I  he  series  resistance,  and  l'.,  the 
voltage  defining  the  slopes  of  the  curses.  The  precision  of  the 
parameters  extracted  was  only  questionable  close  to  room 
temperature  where  the  devices  showed  an  ohmic  behavior. 
Below  1 50  K..  I  was  found  constant  and  equal  to  145  and  80 
mV  m  reverse  and  forward  bias,  respectively,  and  R  was 
negligible.  was  increasing  with  temperature  above  150K. 

A  typical  capacitance  versus  voltage  curve  is  shown  in 
Fig  5.  It  clearly  does  not  follow  the  classical  Schottky  diode 
depletion  nv  dei  but  rather  a  metal-insulator-semiconduc- 
tor  dev  ice  behavior.  The  frequency  dependence  is  small.  The 
admittance  curv  es  correlate  the  slope  v  ariation  of  the  dc  cur¬ 
rent  voltage  measurements. 

IV.  DISCUSSION 

The  lack  of  strong  rectification  implies  that  thermionic 
emission  is  negligible.  The  current  transport  is  limited  by 
some  form  of  tunneling  since  it  varies  as  expi  I'/C,  j  inde¬ 
pendently  of  temperature  below  150  K..  These  properties  are 
systematic  for  all  the  devices  on  several  crystals,  and  are  not 
resulting  from  a  marginal  contact  process  on  the  top  contact 
w  hich  could  create  back-to-back  Schottky  diodes  randomly 
Furthermo-e.  a  sharp  minimum  in  capacitance  close  to  zero 
bias  should  be  seen  in  this  case.' 1  Schottky  burner  lowering 
with  hiasing  v  oltage  is  not  detected  since  the  current  should 
vary  as  expi  aC  \«  T).  :  and  l ' .,  should  be  a  function  of  tem¬ 
perature  even  at  SO  K. 

These  results  have  similarities  with  the  theory  of  ther¬ 
mionic  field  emission  across  Schottky  barriers  i  TFS  l  .11  The 
ratio  k  T  E  .  is  an  estimation  of  the  relative  importance  of 
the  thermionic  and  field  emission  processes, ' '  where  k  is  the 
Boltzmann  constant.  E  the  absolute  temperature,  and  £  ,, 
an  energy  defined  .is 

£  ---  ,<//:  411  ,V„.  :.  (2) 

w  here  a  is  the  electronic  charge.  ;.\P!anck  s  constant.  .V,,  the 
donor  concentration  in  the  semiconductor  tin  our  case  the 
wide-band-gap  side  with  v  =  0  2r> » .  rn*  and  e  the  electron 
elective  mass  and  the  static  dielectric  constant  in  the  same 
materiai  When  k  I  E  ,  the  current  is  mainly  due  to  ther¬ 


mionic  emission.  When  kT«E field  emission  i  or  tunnel¬ 
ing  from  energies  close  to  the  conduction  band  )  is  the  domi¬ 
nant  transport  mechanism.  Both  types  of  electron  emission 
have  to  be  considered  when  kT^ElHl.  In  our  case 
A n  ~  5  ■  10!‘  cm  '.  and  for  v  =  0.26  at  T  =  80  K.  the  rela¬ 
tive  electron  effective  mass  and  dielectric  constant  are  taken, 
respectively,  as  1.4  *  10 and  16.9.  The  value  of  is  then 
2.66  meV.  muen  smaller  than  kT  =  6.9  meV  The  fact  that 
thermionic  conduction  is  not  seen  in  forward  bias,  together 
with  the  capacitance  measurements  results,  make  us  con¬ 
clude  that  a  large  conduction-band  barrier  is  present  at  the 
heterojunction  between  the  two  materials.  This  is  in  agree¬ 
ment  with  the  spectral  response  measured  on  one  device  in 
small  reverse  bias  at  80  K.  showing  a  wide  response  in  the 
3-6  /im  range  and  a  peak  more  than  three  times  higher  m 
amplitude  at  1  9-um  wavelength.  The  root  square  of  the  pho¬ 
toresponse  is  shown  versus  wavelength  in  Fig.  6  The  low- 
energy  tail  was  close  to  the  noise  floor  and  was  separated 
from  the  response  of  the  t  =  0.26  material  by  more  than  ! 
gm.  The  measurement  was  made  under  vacuum  with  a  glow 
bar  infrared  source,  a  monochromator,  and  a  lock-in  ampli¬ 
fier.  The  curve  was  corrected  for  biackbody  radiation  and 
grating  dispersion.  It  can  be  interpreted  as  internal  photoe¬ 
mission  from  a  conduction-band  barrier  0  56  eV  above  the 
Fermi  level  (  being  degenerate  in  the  narrow-band-gap  mate¬ 
rial  ).  The  TFS  theory  predicts  that  the  current/voltage  rela¬ 
tion  should  be  of  the  form14 

/--=/,  explig1  -  i 

at  high  enough  voltages,  where  £  ,  =  £,„,  eoth' £  .  k/s.ind 
/  is  a  function  of  T.  the  barrier  height,  the  doping  level,  and 
is  a  weak  function  of  the  bias  £.„,  has  been  previously  intro¬ 
duced. 

Since  £.,  =  xO  meV  below  1  50  K.  in  our  dev  ices,  we  can  see 
that  the  rise  in  £..  above  this  temperature  cannot  he  account¬ 
ed  for  by  the  TFS  theory  Tunneling  through  a  high  and 
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Fjg  "  Calculation  o!  the  assumed  band  profile  of  the  structure  at  zero  bias 
Parameters  used:  »n*„  m  =0  44.  doping  left-hand  side  =  5  •  lO^1' 
cm  \  doping  nght-hjnd  side  =  4  .  IO1'’  cm  \  Cd  composition  left-hand 
side  •=  0  .n.  Cd  comppMtion  right-hand  side  =  0  18.  Cd  composition  at  the 
barner  peak  -  0  t>.  A£,  =015-  ±Et  T  =  SO  K 


sharp  barner  is  the  suspected  dominant  transport  at  low  T. 
Only  a  minor  contribution  to  the  current  is  due  to  band 
bending  change  with  bias  in  the.*  =  0.26  material.  As  will  be 
discussed  later,  we  think  that  the  barner  resulted  from 
abrupt  composition  change  during  growth.  Its  actual  con¬ 
duction-band  profile  is  expected  to  be  much  steeper  than  the 
parabolic  potential  approximation  made  in  the  TFS  theory. 

A  Poisson  solution  of  the  expected  band  profile  of  the 
deuce  at  '0  K  is  shown  in  Fig.  7.  An  abrupt  Cd  composition 
increase  up  to  x  —  0.0  was  assumed  right  at  the  interface, 
followed  by  a  sharp  exponential  decrease  down  to  .*  =  0.26 
The  minimum  barner  thickness  was  set  to  be  100  A.  The 
valence-band  offset  between  two  different  composition  ma¬ 
terials  was  assumed  to  be  15rr  of  their  band-gap  difference. 
A  heavy-hole  etfectiv  e  mass  independent  of  composition  and 
equal  to  0  44  has  been  used  The  calculation  is  made  with  the 
relaxation  method,  using  the  two-band  Kane  "  model  and 
assuming  fuily  ionized  dopants  without  diffusion  effects  at 
the  interface.  Degeneracy  is  included.  The  details  of  tins  cal¬ 
culation  will  be  presented  elsewhere.1  We  can  see  that  the 
Fermi  lev  el  on  the  left-hand  side  is  within  1  meV  of  the  con 
ductmn  band,  w  hereas  the  narrow  bandgap  is  heav  ily  degen¬ 
erate.  the  Fermi  level  lying  45  meV  above  the  conduction 
band 

T  his  structure  husically  looks  iike  a  metal-insulator-sem- 
icondtictor  device  as  suspected  from  the  capacitance  mea¬ 
surements  The  semiconductor  with  x  —  0  26  is  weakly  de¬ 
generate  I  he  use  of  a  metal-msulator-metal  tunneling 
model  w'uid  be  appropriate  at  low  temperature  where  we 
established  that  tunneling  transport  is  dominant  We  used 
the  modei  devel  -ped  by  Simmons  '  for  its  simplicity .  modi- 
fvinz  ;t  slight!1.  io  make  provision  for  different  effective 
masses  m  the  metal  and  the  insulator  It  assumes  a  rectangu¬ 
lar  bjmer  and  is  restricted  io  low  temperatures  where  the 
nmi.eimz  is  independent  ■  >1  temperature  We  did  not  use  it  in 
the  tirst  piuce  siiue  it  cannot  demonstrate  the  existence  of 


the  tunneling  process  by  itself  The  current  density  is  given 
by 

/  =  (  1/7?„){(<D„  -  V /Z  )e\p(  -  I  /t>„  -  V 72; 

-  t<F„  -  V /Z  )e.xp(  -  .4  x-t>„  -  I  / 2  ) } 
with  .  I  =  4IIi/  N  2 m,q/h, 

R„  -  (ZUhd  :/q:)Un  /m...  ). 

is  the  thickness  of  the  barrier.  the  barrier 
height,  V  the  bias,  h  Planck's  constant,  and  q  the  electronic 
charge,  m*  and  m,„  ate  the  electron  effective  masses  in  the 
insulator  and  the  metal  electrode  acting  as  the  cathode,  re¬ 
spectively.  R,t  is  not  to  be  confused  with  the  zero  bias  resis¬ 
tance  of  the  dev  ice. 

The  effect  of  barrier  height  lowering  is  not  considered 
since  it  could  not  be  detected  from  the  measurements  and  the 
barrier  height  is  expected  to  be  large.  The  fact  that  the  curves 
in  Fig.  3  are  nearly  sy  mmetric  is  consistent  vv  ith  this  model. 
The  low-temperature  curve  of  Fig  3  was  fitted  in  rev  erse  bias 
since  the  tunneling  is  less  affected  then  in  forward  bias  by  the 
actual  barrier  profile  on  the  wide-band-gap  side  <!>„  and  d 
where  adjusted  to  produce  the  results  shown  in  Fig.  $.  The 
following  etfective  masses  have  been  used:  m  nn.,  —  0.95$ 
and  m*/m„  =  0.0039.  It  can  be  seen  that  the  best  fit  occurs 
for  =0.55  eV.  in  excellent  agreement  with  the  optical 
result.  The  average  matching  barrier  thickness  is  close  to  1 10 
A 

The  capacitance  measurements  can  be  interpreted  as  fol¬ 
lows:  the  diode  is  essentially  behaving  as  an  MIS  where  the 
narrow -band-gap  material  is  the  metal  electrode  and  the  bar¬ 
rier  is  the  insulator.  The  top  semiconductor  with  .*  =  0  2o  is 
then  seen  n-tvpem  depletion  at  zero  bias.  Calculation  of  the 
low-frequency  differential  capacitance  of  the  structure 
shown  in  Fig.  7  was  attempted  using  the  same  type  ot'calcu- 
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9«as  Voltage  (V) 

Fig  g  Rfiativc  capacitance  voltage  curxcv  Curve  l  second  measure* 
mem  of  the  O'  data  *ho\wi  in  F:a  5  T  —  M)  K.  LjO  kHz  Curse  2.  measure* 
ment  oMhevime  Jewce  vnth  the  vune  frequency  T  -  IfcOK  Curse  3  =  • 
Loss -tVequer.es  capacitance  calculation  at  SO  K  Same  parameters  as  in  Fig 


lation  as  before  and  the  same  parameters.  The  quasi-Fermi 
levels  on  each  side  of  the  heterojunction  were  assumed  to  be 
constant,  their  difference  being  abruptly  accommodated  at 
the  interface.  The  result  is  shown  in  Fig.  9.  together  with 
measurements  made  at  80  and  lbO  K  at  100  kHz  on  the  same 
device.  We  can  see  that  an  accumulation  plateau  occurs  be¬ 
low  —  0  2  S'.  Its  magnitude  is  much  smaller  than  the  capaci¬ 
tance  of  the  pseudoinsulator  alone.  This  is  due  to  the  onset  of 
depletion  on  the  narrow -band-gap  side  which  begins  to  be 
inverted  below  -  0.3  S'.  The  high-frequency  low-tempera¬ 
ture  Cl'  curve  then  stays  approximately  constant  thereon. 
The  calculation  also  shows  strong  inversion  of  the  wide¬ 
band-gap  side  to  be  occurring  at  —  0. 1 5  S'.  Notice  that  these 
thresholds  tend  to  precede  the  abrupt  falls  in  capacitance 
measured  at  lbO  K.  We  think  that  these  transitions  are 
linked  to  the  collapse  of  their  corresponding  hole  inversion 
layers  through  the  valence  side  of  the  burst  barrier,  driving 
their  respective  material  side  in  deep  depletion.  It  demon¬ 
strates  that  hole  confinement  against  this  barrier  occurred 
before  SS'e  conclude  that  a  valence-band  barrier  is  also  pres¬ 
ent,  and  that  the  valence-band  offset  cannot  be  neglected. 
Even  though  no  precise  value  can  be  deduced  from  this 
work,  we  should  point  out  that  the  1 5'~F  of  the  band-gap 
difference  v  alue  used  in  the  calculations  i>  consistent  with  all 
the  measurements  made  as  well  as  the  recently  published 
studies  ‘  w  hen  e\:rap>  dated  to  the  Hgl  e -  CdTe  case  At  the 
present  time  the  reason  why  the  capacitance  only  collapses 
at  higii  temperatures  is  :ot  clearly  understood  It  might  K- 
linked  to  :w.  —j.. merisi.  rial  quantized  energy  levels  of  the  in¬ 
version  layers  interacting  with  deep  levels  within  the  but  st¬ 
ing  material  Even  though  the  deep  levels  have  been  omitted 
from  this  -lady,  they  are  known  to  be  present  since  notice¬ 
able  hyster-.sis  has  been  seen  in  the  Cl  'measurements,  and  to 
a  small. r  decree  :n  the  1 1  measurements  I  hey  could  aKo 
contribare  to  the  enhanced  tunneling  proce"  described 


The  curst  in  composition  which  occurred  at  the  interface 
is  linked  to  the  transient  flux  response  of  the  effusion  cell 
opened  during  the  growih  to  increase  the  cadmium  content 
of  the  top  layer.  When  the  shutter  is  closed,  the  cell  has  a 
higher  quasiequthbrium  pressure  than  with  the  shutter 
opened.  This  study  shows  that  with  the  particular  geometry 
used  the  time  constant  required  by  the  cell  to  change  from 
the  closed  to  opened  stable  conditions  was  in  the  order  15  s. 
Once  detected,  this  problem  can  be  avoided.  Recently  grown 
devices  trying  to  avoid  this  etfect  give  credit  to  this  hypothe¬ 
sis  and  will  be  published  later. 

V.  CONCLUSION 

We  showed  that  the  electrical  characterizations  of  the  first 
abrupt  N-isotype  heterojunctions  made  by  MBE  were  consis¬ 
tent  with  the  presence  of  a  sharp  burst  in  composition  at  the 
heterojunetton  interface  due  to  the  growth  conditions 
The  measurements  and  the  calculations  presented  are  in 
agreement  with  the  presence  of  a  valence-hand  offset 
between  the  barrier  material  and  the  adjacent  layers.  When 
extrapolated  linearly  to  the  HgTe/CdTe  case,  the  value  as¬ 
sumed  is  in  agreement  with  the  recently  published  studies. 
The  high  R„4  values  obtained  even  for  a  narrow -gap  compo¬ 
sition  x  =  0. 17  could  be  of  interest  for  future  gate  field -etfect 
transistor  investigation. 
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